Introduction
Gooding (1974~) reported that Glossina morMost studies of tsetse proteinases have used sitans morsitans Westwood midguts contain proteins as the substrate and have characterized traces of chymotrypsin (EC 3.4.21.1) (identified 'the proteinase' as active in an alkaline medium by hydrolysis of benzoyl-DL-tyrosine paranitro-(reviewed by Gooding 1972 Gooding , 1975 . However, re-anilide) and more substantial amounts of trypsin cent publications indicate that there are at least (identified by hydrolysis of benzoyl-DL-arginine three proteolytic enzymes in the tsetse midgut. paranitroanilide and by the susceptibility of this enzyme to inhibition by tosyl-L-lysine chloromethyl ketone and phenyl methane sulphonylfluoride). In a preliminary report on the digestion of proteins by G.m. morsitans, Gooding (1974b) reported that hydrolysis of synthetic substrates and inactivation by specific inhibitors indicated that the midgut contained trypsin (EC 3.4.12.3), chymotrypsin, and carboxypeptidase I3 (EC 3.4.1 2.31, but there was no evidence of carboxypeptidase A (EC 3.4.12.2) or aminopeptidase (EC 3.4.1 1.2). In this same abstract it was reported that "the midgut lumen of the blood-fed tsetse contains a wide variety of free amino acids, not just the basic amino acids predicted on the basis of the known proteinase content of the gut." This was interpreted as evidence for the presence of undetected proteinases.
The objective of this study was to redetermine the number of proteolytic enzymes present in the midgut of the tsetse fly Glossina morsitans morsitans Westwood. We found that the midgut of the adult tsetse fly contains six proteolytic enzymes (trypsin, carboxypeptidase A, carboxypeptidase B, aminopeptidase, a trypsinlike enzyme designated 'proteinase VI,' and a chymotrypsinlike enzyme designated 'proteinase VII'). These enzymes have been partially purified and some of their properties defined.
Materials and Methods
The C.m. mnrsifans colony maintained in this department since July 1973 originated from about 1OOO pupae obtained From the Tsetse Rcsearch Laboratory, University oTBristol, England. The colony wss kept at 21 to 24 'C and variable, hut modcrate. relative humidity. The flies were fed h days per week on the ears and hack of cross-breed (Flemish Giant x French lop-eared) rabbits. Male tsetse flies used in this study were of various ages and all had fed one or more times on rabbits but had not fed for at least 24 h before dissection. The posterior section of the midgut containing black, partially digested blood was dissected from flies and stored frozen (-15 'C) until used (Gooding 1974a) .
All manipulations of the enzyme solutions were carried out at 0 to 4 "C, except enzyme assays that were run in duplicate at 30 "C. The buffers used were Tris (tris(hydroxymethyl)aminomethane) and sodium phosphate buffer; the pH's were checked on a Beckman Expandomatic pH meter and adjusted with HCI or NaOH. Proteinase assays (based on method of Kunitz 1947) used 0.5 ml of various concentrations of casein or denatured haemoglobin as the substrate. The reaction was stopped by adding 1.0 ml of 20% trichloroacetic acid (TCA) and the tubes were centrifuged at 20 000 g for 10 min. The enzyme activity was determined by measuring the absorbance at 280 nm (Azso) of the supernatant in a Beckman DU-2 spectrophotometer. Controls were run to check for possible spontaneous breakdown of substrate and for self-digestion of the enzyme preparations.
Synthetic substrates were used to assay for specific proteolytic enzymes and, unless otherwise stated, assays employed 1 ml of 1 m M substrate in 50 m M Tris at pH 7.9. Stock solutions of paranitroanilide (pNA) substrates were prepared in N,N-dimethyl formamide (DMF); the concentration of DMF in each reaction mixture is given below. For assays usingpNA substrates, the reaction was stopped by adding 0.5 ml of 30% acetic acid; zero time controls had acetic acid added before the enzyme. For all other synthetic substrates, absorbance of the assay mixture was read at the beginning and end of the reaction in a Beckman DU-2 spectrophotometer equipped with dual thermospacers. The change in molar extinction at the appropriate wavelength ( A E~ in M-'cm-') was used to calculate the amount of substrate hydrolyzed. For trypsin the substrates were p-tosyl-L-arginine methyl ester (TAME, A E~~~ = 540 (Hummel 1959) ), a-N-benzoyl-Larginine ethyl ester (BAEE (Schwert and Takenaka 1955) , A E~~~ = 808 (KCzdy et a/. 1965)), and 2 mM a-N-benzoyl-DL-arginine-p-nitroanilide (BApNA) with 6.6% DMF ( A E~~~ = 8800 (Erlanger et a/. 1961)). For chymotrypsin the substrates were N-acetyl-L-tyrosine ethyl ester (ATEE) in 50 mM phosphate buffer at pH 8.0 with 5% methanol (Schwert and Takenaka 1955) Proteins were determined by the method of Lowry el a/. (1951) using crystallized bovine serum albumen as the standard. The STI-Sepharose column was prepared by binding soybean trypsin inhibitor (STI) to cyanogen bromide activated Sepharose 4B by methods given in Pharmacia Fine Chemicals leaflet 1974-1 "Affinity chromatography, principles and methods." Preliminary experiments showed that this column had the capacity to adsorb at least 2 mg bovine trypsin (B grade purchased from Calbiochem).
Results

DEAE-cellulose Chromatography
In preliminary experiments we established that tsetse proteinases could be fractionated by DEAE-cellulose chromatography. The greatest separation of these proteinases was obtained by homogenizing the posterior section of the midgut in 30 m M Tris, pH 7.0, centrifuging to remove insoluble debris, and passing this material through a 0.5-g DEAE-cellulose column equilibrated with the same buffer. After a brief wash with 30 m M Tris, pH 7.0, the proteinases adsorbed to DEAE were eluted by a linear gradient from 0.01 to 0.30 M NaCl in 30 m M Tris, pH 7.0. The column works best with a small buffer head and has been used successfully with up to 440 midguts of either males or females.
The results of DEAE-cellulose chromatography of the midguts of 134 male tsetse flies are shown in Fig. 1 . There was a major protein peak that did not adsorb to DEAE, a minor protein peak that was slightly retarded by DEAE, and a broad irregular peak with several components eluted by NaCl (Fig. IA ). There were several peaks of caseinolytic activity (Fig. 1B) . Denatured haemoglobin (0.5 ml of 5 mglml in 50 m M Tris, pH 8.0) was also used as a substrate but was not as readily hydrolyzed as the casein and its use yielded no additional peaks. Trypsin ( Fig.  1C) and CPB ( Fig. ID) were in fractions 2 to 8 only and were thus in the first caseinolytic peak. CPA ( Fig. 1E ) occurred in fractions 57 to 85 only and AP (Fig. IF) was found in fractions 90 to 150 only; these also correspond to fractions having caseinolytic activity. Caseinolytic activity was found also between fractions 32 and 56 (Fig. 1B) ; these same fractions showed slow hydrolysis of BApNA when assayed for a long time.
When midgut contents alone (rather than contents and gut tissue) were chromatographed, the proteolytic activity profile was the same as shown in Fig. 1 , except there was no evidence of AP. Thus there was evidence that fractions 90 to 150 contained two or more proteolytic enzymes, one with AP activity and one with caseinolytic activity but no AP activity. After DEAE-cellulose chromatography the fractions were pooled as follows: trypsin and CPB (fractions 3 to 6), proteinase VI (fractions 32-56), CPA (fractions 58-82), and AP (and a presumed proteinase) (fractions 95-1 30).
Separation of CPB from Trypsin
The pool of CPB and trypsin, after passage through the DEAE-cellulose column, had solid NaCl added slowly with stirring until the solution was 0.5 M NaCl; then the pH was adjusted to 7.8. This solution was passed onto an STISepharose column equilibrated with 50 m M Tris, 0.5 M NaCl, pH 7.8. After addition of the enzyme, the column was washed with the same buffer until the readings were close to 0. CPB did not adsorb to this column ( Fig. 2A) and the fractions containing CPB were pooled for further purification using Sephadex G-100. There was occasionally an overflow of trypsin (as shown in Fig. 2A ) and this trypsin could be removed from the CPB pool by a second passage through the STI-Sepharose column.
In preliminary experiments we were unable to recover active trypsin from the STI-Sepharose column by washing the column with 0.5 M NaCl in a series of buffers down to pH 2.0. However, we were able to elute the trypsin from the STISepharose column with 0.1 M benzamidine, 3 M urea, 0.5 M NaCl in 50 m M phosphate buffer at pH 6.0 ( Fig. 2A) . We found that to recover active trypsin it was necessary to separate the trypsin rapidly from the benzamidine-urea mixture. To do this we pooled the fractions containing trypsin, adjusted the pH to 8.0, and added 10% of the volume of 0.03 M BApNA in DMF. This trypsin-BApNA solution was then placed on a Sephadex G-25 column (2.5 x 36 cm) that had been equilibrated with 50 m M Tris, pH 7.0. Protein (A,,,), CPB, and trypsin were assayed in the effluent fractions (F&~B). The fractions containing trypsin were pooled for further purification; no CPB was found in the effluent.
Sephadex G-100 Gel Filtration
A Sephadex G-100 column (1.5 cm x 95.0 cm) equilibrated with 5 m M Tris, pH 7.0, was used in the final step in separating and purifying the enzymes and to estimate their molecular weights. The column was calibrated (method of Andrews 1964) using dextran blue, aldolase (EC 4.1.2.13), bovine serum albumin, ovalbu- men, chymotrypsinogen A, and ribonuclease (EC 3.1.4.22). Immediately before Sephadex G-100 gel filtration, each preparation was concentrated using aquacide 11. Three preparations (proteinase VI, CPA, and AP) were used after DEAE-cellulose chromatography. CPB was used after separation from trypsin on the STISepharose column, and trypsin was used after elution from the STI-Sepharose column and passage through a Sephadex G-25 column. Molecular weight estimates are given in Table 1 . Trypsin, proteinase VI, CPA, and CPB each chromatographed as single peaks of enzyme activity on Sephadex G-100. Material from the DEAE column fractions 90 to 150 separated by Sephadex G-100 into two distinct peaks: an aminopeptidase with a molecular weight greater than 100000, and a proteinase with a molecular weight of 35 500; the latter was designated proteinase VII.
'Substrate specificity' of the Partially Purified Proteolytic Enzymes Each of the partially purified proteolytic enzymes was tested at its pH optimum for its ability to hydrolyze casein and denatured bovine haemoglobin, and under standard conditions, as given in Materials and Methods, for its ability to hydrolyze a variety of synthetic substrates. The results (Table 2) show that trypsin, proteinase VI, proteinase VII, and CPA hydrolyzed casein and haemoglobin. The trypsin preparation showed strong activity when tested against the trypsin substrates TAME, BAEE, and BApNA and a trace of activity against the chymotrypsin substrate ATEE. The proteinase VI preparation hydrolyzed the trypsin substrates TAME, BAEE, and BApNA and showed some activity also against HPLA, HP, and HA, probably indicating that the preparation was contaminated with CPA and CPB. Proteinase VII preparation hydrolyzed the chyrnotrypsin substrates ATEE and BTEE and appeared to be slightly contaminated with CPA (hydrolysis of HPLA and HP) and CPB (hydrolysis o f HA). The CPA preparation hydrolyzed the CPA substrates HPLA and, at a much slower rate, HP. Hydrolysis or small amounts of BApNA and TAME probably indicate contamination of the final preparation with trypsin and (or) proteinase VI. CPB preparations rapidly hg;dro!yzed the CPB substrate HA. The hydrolysis of other substrates by this preparation was probably due to contamination. The AP preparation hydrolyzed the AP substrate LpNA and a small amount of TAME (probably owing to contamination with trypsin or proteinase VI).
The crude homogenate was assayed for its ability to hydrolyze BApNA, BTEE, HPLA, HA, and LpNA and protein. The specific activities of the various proteolytic enzymes in the crude homogenate and in the final preparations are compared in Table 3 , from which it may be seen that the enzymes have been purified from 2.6 to 32 times. dPurification is the ratio of specific activity in G-100 pools to specific activity in the crude midgut homogenate.
'Not calculable; see footnote 6.
rate of CPA hydrolysis of HPLA was greater in Tris than it was in phosphate (Fig. 4D) ; in the former buffer there was a broad pH optimum around 8, while in the latter buffer the optimum was sharper and occurred at pH 8.5. CPB had a pH optimum at 7.5 to 8.0 for hydrolysis of HA (Fig. 4E) , and a pH optimum of 8.0 was found for AP hydrolysis of LpNA (Fig. 4F) .
Hydrolysis of Casein and Haemoglobin lP3 \
The proteinases were characterized further by their hydrolysis of casein and haemoglobin. The rates of hydrolysis at various concentrations of casein and haemoglobin were determined for trypsin, proteinase VI, proteinase VII, and CPA The pH optima The pH optima for proteinase VI, proteinase VII, and trypsin were determined using casein as the substrate in a 2-h assay. The results (Fig.  3) show pH optima of 7,9.5 to 10, and 9 to 10 for proteinase YI, proteinase VTI, and trypsin respectively. In a 4.541 assay CPA hydroIysia of casein had a pH optimum of 8 (Fig. 3) . The pH optimum for trypsin hydrolysis of BApNA and TAME was about 8-9 (Figs, 4A, 4B) . The pH optimum for proteinase VI hydrolysis of TAME was 8.0 (Fig. 4B) ; proteinase VII hydrolysis of BTEE had a pH optimum at 8.5 (Fig. 4C) . The similar when haemoglobin was used as the substrate (Fig. 5) . When casein was used as the substrate, the shapes of the curves were strikingly different. Proteinase VI (Fig. 6B ) and proteinase VII (Fig. 6C) showed distinct optimal substrate concentrations at 1 mg casein/ml and 2 mg caseinlml respectively. The curves for trypsin and CPA hydrolysis of casein did not show distinct substrate optima (Fig. 6) .
Michaelis-Menten constants (K,) were estimated by fitting a straight line to the douhlereciprocal plots (i.e. llv vs. 11s); the Km confidence limits, estimated by Fieller's theorem (Fieller 1954; Williams 1959) , are presented in Table 4 . With both trypsin and CPA, casein had a significantly lower Km value than did haemoglobin. Trypsin and proteinase VI differed in their response to various concentrations of casein (Figs. 6A, 6B ) and the Km for haemoglobin was significantly lower with proteinase VI than it was with trypsin (Table 4) . 
Discussion
Until recently, workers on digestion in tsetse flies seemed to assume that there was only one proteolytic enzyme present within the midgut. In this study, DEAE-cellulose chromatography, affinity chromatography, and Sephadex gel filtration were used to divide proteolytic activity in the digestive section of the tsetse midgut into six fractions. Each of these fractions differed from the others in two or more characters and it is concluded that the midgut of Glos~ina morsitans morsitans contains at least six proteolytic enzymes that may be involved in digestion of proteins. AP differed from all the other proteolytic enzymes by being in or on the midgut cells rather than in the gut lumen, by having a high molecular weight ( 3 100 OOO), and by having LpNA as the preferred synthetic substrate. Proteinase VII, CPA, and CPB differed from each other and from all the other proteolytic enzymes by their preferred synthetic substrates: BTEE and ATEE for proteinase VII, four of the enzyme preparations (trypsin, pro-preparation was slightly contaminated with trypteinase VI, proteinase VII, and CPA). Whether sin and (or) proteinase VI (Table 3 ) but the hydrolysis of the proteins by the CPA prepara-amount of contamination observed (as evidenced tion was actually due to CPA or to an unidenti-by hydrolysis of TAME and BApNA) could not fied proteinase is not yet established. The CPA account for the rate of hydrolysis of casein or haemoglobin by the CPA pool (Table 3) . Furthermore, the Km values for haemoglobin and casein were different (though not statistically significant) for the CPA pool and the trypsin pool. CPA hydrolysis of casein did not display any signs of substrate inhibition, which would be expected if the activity were due to contamination by proteinase VI. It therefore appears that either tsetse CPA hydrolyzed casein and haemoglobin or that the CPA pool was contaminated with an unidentified proteinase that did not hydrolyze any of the synthetic substrates tested (Table 3 ) at a significant rate.
Proteinase VII is considered to be chymotrypsinlike because it was a proteinase active in an alkaline medium and because it hydrolyzed synthetic substrates (BTEE and ATEE) on the carboxyl side of an aromatic amino acid. It differed from a typical chymotrypsin in its inability to hydrolyze, at measurable rates, several synthetic substrates (BTpNA, GPpNA, SPApNA) normally hydrolyzed by chymotrypsin, in its inhibition by casein at concentrations greater than 2 mglml (Fig. 6C) , and in its rather high molecular weight. In preliminary experiments, a search for chymotrypsin was conducted using BTpNA as a substrate but this search was negative and was discontinued in the later stages of developing the separation technique outlined here. It was not until we assayed the final preparations with a variety of synthetic substrates that any evidence (hydrolysis of ATEE and BTEE) of a chymotrypsinlike enzyme was obtained.
The existence, within the tsetse midgut, of both trypsin and the trypsinlike enzyme, proteinase VI, is interesting. Proteinase VI was slightly smaller than trypsin and had only a slightly different affinity for DEAE-cellulose, and both hydrolyzed TAME, BAEE, and BApNA. Despite these similarities, which may indicate that proteinase VI was derived from trypsin, these enzymes differed from each other in three important ways. Significant differences between these enzymes were seen in their Km values for haemoglobin. Also, when hydrolyzing casein, proteinase VI showed substrate inhibition while trypsin did not. Although both hydrolyzed casein, haemoglobin, TAME, BAEE, and BApNA, the rates of trypsin hydrolysis of these substrates were from 2.1 to 33.3 times as rapid as those of proteinase VI.
The rates of trypsin and proteinase VI hydrolysis of TAME, BAEE, and BApNA may depend upon size of the 'leaving group ' {methyl, ethyl, or p-nitroanilide) . Similarly, proteinase VTI hydrolyzed BTEE and ATEE but did not hydrolyze, at detectable rates, thep-nitro derivatives (BTpNA, GPpNA, SPApNA), which are normal chymotrypsin substrates.
The combined action of all proteolytic enzpmes that occur within the midput lumen could easily account for complete hydrolysis of the proteins in the blood meal. Whether the proteins are completely hydrolyzed within the lumen is not known but free amino acids do occur there (Gooding 19743) . It is more difficult to speculate on the role of AP in blood meal digestion, since this enzyme is not found in the midgut contents. However, if peptides are absorbed from the midgut, AP may have a role in digestion. If trypsin and proteinase VI cleave intact proteins on the carboxyl side of basic amino acids, as indicated by their cleavage of TAME, BAEE, and BApNA, then they would generate peptides with basic amino acids at the carboxyl end. Similarly, proteinase VII would generate peptides with aromatic amino acids at the carboxyl end. Thus the endopeptidases, trypsin and proteinase VI, probably generate the preferred substrate of CPB, while proteinase VII, a chymotrypsinlike enzyme, probably generates the preferred substrates of CPA.
We have presented evidence that the midgut (tissue and lumen combined) of Glossina morsitans contains at least six proteolytic enzymes, four of which act upon casein and haemoglobin under mildly alkaline conditions, with two of these hydrolyzing synthetic substrates generally considered to be trypsin substrates. These results indicate a need for caution in interpreting results of earlier studies of tsetse 'proteinase' (based on hydrolysis of proteins) since four tsetse enzymes hydrolyze proteins. Similarly, caution must be exercised in referring to tsetse trypsin on the basis of hydrolysis of synthetic substrates since two tsetse enzymes hydrolyze synthetic substrates generally considered to be trypsin substrates. Of the synthetic substrates, BApNA may still be useful in attempts to estimate the quantity of trypsin in the midgut of tsetse since proteinase VI appears to account for less than 1% of the hydrolysis of BApNA when midguts from tsetse were assayed 24 h or more after feeding.
Further characterization of the proteolytic enzymes reported here, and further study of their contribution to the digestion of the blood meal, and of the factors regulating their concentration within the tsetse midgut are still being carried out and will be the subject of future publications.
